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ABSTRACT 
 
 There is currently a great deal of research interest in plasmonic lasers, in which the 
optical field is confined by a metal waveguide instead of the more traditional dielectric 
waveguide. These devices show great promise because of their strong optical confinement and 
scalability below the diffraction limit. Both of these attributes are critical to future optical 
interconnect and optical transmitter photonic integrated circuit applications, requiring large 
integration density of devices and minimal cross-talk between channels. To attain large 
integration density, there is also a desire for high-speed lasers that have a large direct modulation 
bandwidth and eliminate the need for external modulators. Nanoplasmonic lasers and their 
high-speed characteristics are thus an important topic of research. 
 In this thesis, experimental techniques for characterizing the high-speed performance of 
a semiconductor laser using electrical modulation and relative intensity noise (RIN) spectrum 
measurement are presented. Reasonable agreement is shown between the results from the two 
methods, and the pros and cons of each are described. Measured properties of newly fabricated 
silver-coated and uncoated quantum-dot Fabry-Pérot lasers are also presented. Room 
temperature, continuous-wave lasing is demonstrated in several silver-coated devices. The modal 
gain and group index are extracted from observation of the below threshold amplified 
spontaneous emission (ASE) spectrum. A large group index of 3.9 is found for the silver-coated 
lasers with a waveguide width of 1.4 µm (compared to 3.5 for the uncoated lasers), possibly 
indicating a plasmonic effect caused by the silver coating. An even larger group index of 
approximately 4.5 is observed in several silver-coated LEDs with a waveguide width of 10 µm. 
Evidence for the presence of multiple lasing transverse modes for a 1.4 µm waveguide width 
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silver-coated laser is presented and discussed. Electrical modulation and RIN measurements of 
the uncoated and silver-coated lasers are also presented. 
 iv
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CHAPTER 1 
 
INTRODUCTION 
 
1.1 Motivation 
 
There is considerable research effort focusing on the high-speed direct modulation 
characteristics of semiconductor lasers [1], [2]. Although high-speed external 
electro-optic and electroabsorbtion modulators are widely available and typically used [3], 
by instead directly modulating the laser and removing the modulator the overall system 
complexity and cost can be reduced and a higher integration density can be achieved in 
future photonic integrated circuit optical transmitters. To achieve this goal and support 
the demand for ever-increasing data rates in optical networks, new large bandwidth laser 
structures are necessary. Plasmonic lasers, which utilize metal to confine the optical field 
instead of a traditional dielectric waveguide, may hold the answer.   
Recently, there has been great research interest in the use of metal structures to 
confine and guide light. Such plasmonic structures are very promising in a variety of 
optical sensing applications due to large achievable field enhancements [4]. They are also 
attractive in the design of nanolasers due to their ability to confine light below the 
diffraction limit, and plasmonic nanolasers [5] and high-Q cavities [6] have already been 
demonstrated. Such plasmonic nanostructures have also been predicted to exhibit very 
large modulation bandwidths exceeding 100 GHz [7]. In this thesis, we will discuss the 
basic theory behind semiconductor laser modulation and how it can be experimentally 
characterized. We will then study the properties of some silver-coated quantum-dot lasers.
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1.2 Organization of Thesis 
 
The thesis is organized as follows: In Chapter 2, the theory of small-signal direct 
modulation of a semiconductor laser is examined and important figures of merit 
identified. A method of characterizing the high-speed performance utilizing electrical 
modulation is also presented, with example data obtained from a DFB test laser at  
1.55 µm wavelength. High-speed characterization from the measurement of the relative 
intensity noise (RIN) is presented in Chapter 3, and advantages and drawbacks as well as 
the experimental results from both methods are compared. The measured properties of 
several uncoated and silver-coated quantum-dot devices are then presented in Chapter 4, 
including both DC and high-speed characteristics. An increased group index is found in 
the silver-coated devices due to the large dispersion of the silver. Multiple lasing 
transverse modes in a silver-coated laser are identified. RIN spectra are also observed for 
both the coated and uncoated lasers and compared to the theoretically expected result. In 
Chapter 5, a brief summary of these major findings is given. 
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CHAPTER 2 
 
LASER MODULATION RESPONSE AND 
MEASUREMENT USING ELECTRICAL 
MODULATION 
 
2.1 Theoretical Description of the Semiconductor Laser 
Modulation Response 
 
To determine the modulation response of a semiconductor laser, we begin with the 
density rate equations for a single lasing mode [8], [9]: 
  ( ) ( ) ( ) ( ) ( )i g
dn t J t n t v g n S t
dt qd
η τ= − −  (2.1a) 
  ( ) ( )( ) ( ) ( )g sp
p
dS t S tv g n S t R n
dt
βτ= Γ − +  (2.1b) 
where the terms are defined as follows: 
( )n t  - Carrier density 
iη  - Injection quantum efficiency 
( )J t  - Current density 
d  - Active region thickness 
gv  - Group velocity 
( )g N  - Gain coefficient 
τ  - Carrier lifetime 
( )S t  - Photon density 
Γ  - Confinement factor 
β  - Spontaneous emission factor 
( )spR N  - Spontaneous emission rate 
pτ  - Photon lifetime 
 
The first equation describes the rate of change of the carrier density, n, with the first term 
accounting for carrier injection due to current density, J, the second term for carrier loss due to 
spontaneous emission and nonradiative recombination, and the last term for carrier loss due to 
stimulated emission. The second equation describes the rate of change of the photon density, S, 
with the first term accounting for photons generated by stimulated emission, the second term for 
photon loss from the cavity, and the final term for photons generated by spontaneous emission 
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and coupled into the lasing mode. Unfortunately, a general analytic solution of the rate equations 
is not possible. However, the problem can be simplified and analytically solved by assuming the 
current, carrier, and photon densities are composed of a DC component with a small-signal 
perturbation: 
  0( ) ( )J t J j t= +  (2.2a) 
  0( ) ( )n t n n t= + Δ  (2.2b) 
  0( ) ( )S t S s t= +  (2.2c) 
  0( ) ( ) ' ( )g n g n g n t= + Δ  (2.2d) 
Here, the first term of each expression is the DC steady-state solution to the rate equations in Eqs. 
(2.1a) and (2.1b), and the second term is a small-signal deviation from that DC solution. The last 
equation describes the total gain due to the steady-state carrier density, n0, and the small-signal 
carrier density fluctuations, which are related to the change in gain via the differential gain, g’. 
This linear model for the gain assumes that the gain is independent of the photon density, as 
assumed in the present analysis. When the photon density is large, this assumption may no 
longer hold and nonlinear gain saturation must be included in the gain model [10]. This rate 
equation model also does not include carrier transport and capture effects discussed in [11], [12]. 
The small-signal approach allows us to first solve for the steady-state solutions, and then 
use a differential analysis of the rate equations to determine the small-signal solutions. The 
steady-state solutions are found as follows: 
  0 00 0
( ) 0 i g
J ndn t v g S
dt qd
η τ= = − −  (2.3a) 
  00 0 0i g
Jn v g S
qd
τ η⎛ ⎞= −⎜ ⎟⎝ ⎠  (2.3b) 
 5
  00 0 0
( ) 0 ( )g sp
p
SdS t v g S R n
dt
β τ= = Γ + −  (2.4a) 
  00
0
( )
1
sp
g
p
R n
S
v g
β
τ
=
− Γ
 (2.4b) 
The differential rate equations can then be written to solve for the small-signal component of the 
solution: 
  ( )0 0( ) ( )( ) ( ) ' ( )i gd j t n tn t v g s t g S n tdt qdη τ
ΔΔ = − + Δ −  (2.5a) 
  ( )0 0 ( )( ) ( ) ' ( )g
p
d s ts t v g s t g S n t
dt τ= Γ + Δ −  (2.5b) 
In the photon density rate equation, spontaneous emission coupled into the lasing mode has been 
neglected. This is a valid assumption for a laser operating far above threshold where the output 
will be dominated by stimulated emission. We can next rewrite the rate equations in the 
frequency domain: 
  ( )( ) ( )( ) ( ) ' ( )i g o oj ni n v g s g n Sqd
ω ωω ω η ω ω τ
ΔΔ = − + Δ −  (2.6a) 
  ( ) ( )( ) ( ) ' ( )g o o
p
si s v g s g n S ωω ω ω ω τ= Γ + −  (2.6b) 
This allows us to solve for the quantity ( )
( )
s
j
ω
ω , and by normalizing the result we find the intrinsic 
modulation response of the laser to be 
  ( )
2
22 2 2 2
( ) r
r
H ωω
ω ω γ ω
=
− +
 (2.7) 
where the parameters ωr and γ are approximately given as  
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  02
'g
r
p
v g Sω τ≅  (2.8a) 
  0
1'gv g Sγ τ≅ +  (2.8b) 
These two parameters—the relaxation frequency, ωr, and the damping factor, γ—describe the 
modulation response of the laser at a particular DC current bias. There are a number of points 
that should be noted about the modulation response and its parameters. Generally, the laser will 
have a flat response at low frequencies, rise to a peak near ωr, and then roll off at high 
frequencies at a rate of 20 dB/decade as seen in Fig. 2.1. The prominence of the relaxation peak 
is determined by the damping factor, with a small damping factor resulting in a large, narrow 
peak and a large damping factor resulting in a small, broad relaxation peak. Looking at Eqs. 
(2.8a) and (2.8b), we see that the damping factor can be expressed in terms of the relaxation 
frequency: 
  2 1rKfγ τ= +  (2.9b) 
  24 pK π τ=  (2.9b) 
Further examination reveals that, because vg, g’, τp, and τ are insensitive to changes in the bias 
current above threshold, both ωr and γ are primarily dependent on the photon density, which can 
be expressed in terms of the laser current [9]: 
  ( )0 i p thS I IVq
η τ Γ= −  (2.10) 
In this expression, V is the active volume, Ith is the threshold current, and I is the injected current. 
Substitution of Eq. (2.10) into Eq. (2.8a) reveals a linear relationship between the square of the 
relaxation frequency and the injected current: 
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  ( )2r thf D I I= −  (2.11a) 
  2
'
4
i gv gD
Vq
η
π
Γ=  (2.11b) 
Now that we have derived the laser modulation response and calculated its parameters’ 
dependence on injected current, we can explore how the shape of modulation response evolves 
and the maximum bandwidth achievable through direct modulation of the laser. 
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Figure 2.1: Theoretical laser response functions for laser currents in the under-damped, perfectly damped, 
and over-damped regimes. 
 
 The modulation frequency responses for a number of increasing injection currents are 
plotted in Fig. 2.1. These response curves show the operation of the laser in three distinct 
regimes. For smaller currents, the ratio 
r
γ
ω  is less than 2  and the laser is said to be 
under-damped. In this regime, there is a peak in the response near the relaxation frequency due to 
the ( )22 2rω ω−  term in the denominator of Eq. (2.7). After the relaxation peak, the response 
falls off sharply, limiting the bandwidth of the laser. As the current is increased, the relaxation 
frequency and damping factor both increase with the damping factor increasing at a greater rate 
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than the relaxation frequency as indicated in Eqs. (2.9b) and (2.11a). This causes the ratio 
r
γ
ω  
to increase as the current increases. The increased relaxation frequency and damping factor can 
be observed in Fig. 2.1 as the relaxation peak shifting to higher frequencies and becoming 
smaller and broader. The bandwidth also increases in this current region until the ratio 
r
γ
ω  is 
equal to 2 . At this point, the laser is said to be perfectly damped and the maximum possible 
bandwidth is achieved. The peaked response seen in the under-damped case is replaced by a 
monotonically decreasing response. As the current is further increased ( 2
r
γ
ω > ), the laser 
becomes over-damped. Now the 2 2γ ω  term in the denominator of Eq. (2.7) dominates at high 
frequencies, causing a more gradual roll-off that reduces the useable bandwidth. 
 
 The relationship between bandwidth and current is summarized in Fig. 2.2, which 
indicates that for maximum bandwidth, there is an optimum current bias that balances the need 
for a large relaxation frequency and a small damping factor. The existence of this maximum has 
a number of significant implications for the design and characterization of high-speed lasers. By 
combining the modulation response, Eq. (2.7), with the γ-fr relationship, Eq. (2.9b), we can 
confirm that the maximum bandwidth occurs when 2
r
γ
ω = . We can also find the maximum 
bandwidth of the laser: 
  3 ,max
2 2
dBf K
π≅  (2.12) 
From a design perspective, this result tells us that to make a high-speed laser, a small K and thus 
a small photon lifetime are required. A large D is also desired such that a high resonance 
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frequency can be achieved at a small current with minimal power dissipation. A large D requires 
a laser to have a large differential gain, strong optical confinement, and/or a small active volume. 
A plasmonic nanolaser should have both a small active volume and strong confinement, leading 
to a large D. The small modal volume and the additional loss in the metal should also result in a 
short photon lifetime and a small K. This makes such structures very attractive for large 
bandwidth direct modulation applications. 
K and D are thus important figures of merit for the high-speed performance of a laser. 
The relationship in Eq. (2.9b) also illustrates how best to experimentally characterize this 
performance. By finding the relaxation frequency and damping factor as a function of laser 
current, K and D can be determined from the slopes of the fr2 vs. (I-Ith) curve and the γ vs. fr2 
curve, respectively. 
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Figure 2.2: Theoretical 3 dB laser bandwidth as a function of current. 
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2.2 Experimental High-Speed Characterization Using Electrical 
Modulation 
 
2.2.1 Experimental Setup 
 
Having discussed the basic theory behind the laser modulation response and the significance of 
the relaxation frequency and damping factor, we can now proceed to examine how these 
parameters are experimentally determined. The most straightforward method is to impose a 
small-signal modulation on the DC drive current of the laser under test and measure the 
magnitude of the photodetected laser output. By sweeping the frequency of the small-signal 
modulation, the frequency response of the laser can be found. 
 The electrical modulation measurement can be done with the setup shown in Fig. 2.3 
[13], [14]. The RF output of the network analyzer is combined with the DC laser drive current at 
the bias tee, which results in a small-signal modulation on the optical output of the laser. The 
laser itself is held at a constant temperature of 20 °C by a thermoelectric cooler, and the optical 
output is coupled into optical fiber using a lensed fiber tip. The output of the laser is sent to the 
HP 8753D
Network Analyzer
RF Output RF Input
DC Bias
Bias
Tee
Laser 
Under Test
RF Amp
Newport D-15 
Photodetector
Isolator
 
 
Figure 2.3: Experimental setup for the electrical modulation measurement. 
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photodetector through an optical isolator to prevent reflections back in to the laser cavity. The 
RF output of the photodetector is amplified and sent back to the network analyzer. The current 
source and network analyzer can both be controlled by a LabVIEW program via GPIB to allow 
the frequency response to be automatically measured for different currents. The normalized 
magnitude response can then be numerically fit to the analytical expression in Eq. (2.7) using a 
least squares algorithm to determine the values of the relaxation frequency and damping factor.  
 
2.2.2 Measured Results for a DFB Laser and Data Processing to Determine 
High-Speed Parameters 
 
The frequency response of a Bell Labs DFB laser emitting near 1.55 µm was measured using the 
setup in Fig. 2.3. The light-current-voltage (LIV) curves of the laser are shown in Fig. 2.4. This 
test laser was designed and packaged for high-speed operation, and current was supplied through 
a high-speed probe. 
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Figure 2.4: LIV curves of 1.55 µm wavelength DFB test laser. The threshold current is approximately 
7mA. 
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 The measured frequency responses at various bias currents shown in Fig. 2.5 bear little 
resemblance to the theoretical curves previously discussed. This is because the measurement 
yields the overall frequency response of the entire system from the network analyzer RF output 
to input—including the bias tee, photodetector, RF amp, and the packaging and mounting 
parasitics of the laser itself—not the desired intrinsic response of the laser that we would like to 
determine. 
From the measured frequency response, we can discern some of features of the intrinsic 
response. The response falls off at high frequencies, and the bandwidth seems to increase as the 
current is increased. The relaxation peaks can also be seen at low current, but even here they are 
difficult to differentiate from peaks introduced from the frequency response of the electrical 
parasitics of the system. This makes estimation of the relaxation frequency and damping factor 
difficult, particularly at larger current where the relaxation peak is less distinct. The effect of the 
measurement system components (e.g. the bias tee and RF amp) can be measured and calibrated 
out of the laser measurement, but the effect of the electrical parasitics associated with the device 
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Figure 2.5: Measured frequency response for multiple current biases. 
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packaging and mounting can not be easily measured and are the primary cause of the distortion 
seen in the measurement.  
 To overcome this issue, we can employ the frequency response subtraction technique 
proposed in [15]. We first recognize that the parasitic effects of the measurement apparatus and 
the device packaging are approximately constant as the DC bias current varies. The junction 
capacitance is generally a function of current, but it is assumed to be constant for currents 
sufficiently above threshold. From the equivalent representation of the experimental setup shown 
in Fig. 2.6, the measured frequency response, T, can be expressed as a product of the parasitic 
response, P, and the bias-dependent intrinsic laser response, H. 
  ( , ) ( ) ( , )T I P H Iω ω ω=  (2.13) 
It can then be seen that the ratio of the measured frequency responses at two different bias 
currents is independent of the electrical parasitics: 
  
( )
( )
22 2 2 2 2
1 2 21 1 1
22 2 2 2 22 2 2
2 1 1
( , ) ( ) ( , ) ( , )
( , ) ( ) ( , ) ( , )
r r
r r
T I P H I H I
T I P H I H I
ω ω ω γ ωω ω ω ω
ω ω ω ω ω ω ω γ ω
− += = =
− +
 (2.14) 
 
Figure 2.6: Equivalent representation of the experimental setup in Fig. 2.3 where H(ω) is the intrinsic 
frequency response of the laser and P(ω) is the parasitic frequency response of the measurement setup. 
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Figure 2.7: Ratios of the measured modulation response (solid) and the curve fits used to extract the 
modulation parameters (dashed). 
 
Although this ratio lacks great physical significance, the data can be fit to Eq. (2.14) using a least 
squares method to determine the relaxation frequency and damping factor at both bias currents. 
The frequency response ratio curves using the data from the DFB laser shown in Fig. 2.5 and 
their associated curve fits are shown in Fig. 2.7.  
 The ratio of the frequency responses is a smooth curve that fits well to the theoretical 
expression and is free of the spurious peaks seen in the individual measured frequency responses, 
indicating that the electrical parasitics were successfully removed. The results can be further 
verified by examining the ratio of the measured frequency response to the theoretical intrinsic 
response, Eq. (2.7), calculated using the extracted relaxation frequency and damping factor.  
  
( , ) ( )
( , , )theory r
T I P
H
ω ωω ω γ =  (2.15) 
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Figure 2.8: Extracted electrical parasitics for several current biases. 
 
This ratio should yield the parasitic frequency response and should be the same for each bias 
current if our assumption of a bias-independent parasitic response holds true. The parasitic 
frequency response for the range of bias currents is shown in Fig. 2.8. 
 There are a number of items to note from the parasitic response. Firstly, the frequency 
responses show an underlying roll-off as the frequency is increased. This is primarily due to the 
RC parasitics associated with the laser. Secondly, the responses are nearly constant as the bias 
current is varied, validating the underlying assumption. However, for currents near threshold 
(Ith=7 mA), such as I=8.5 mA, this is not the case and the parasitic response varies significantly 
from the results far above threshold. This is most likely caused by changes in the junction 
capacitance, and makes the extracted parameters at these low biases possibly inaccurate. For 
larger currents, this capacitance stabilizes and the parasitic frequency response becomes 
insensitive to the bias current. 
 Based on the provided explanation of the frequency response subtraction technique, the 
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extracted parameters at given current should be independent of which reference bias is used. 
Another way to verify the electrical modulation result is to examine the extracted parameters for 
different reference biases and ensure that they are similar. The extracted relaxation frequencies 
and damping factors for multiple laser currents are shown in Fig. 2.9 and Fig. 2.10, respectively, 
using several different reference currents. The relaxation frequencies are approximately constant 
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Figure 2.9: The extracted relaxation frequencies using different reference currents. 
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Figure 2.10: The extracted damping factors using different reference currents. 
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and show very little sensitivity to the choice of reference bias. The extracted damping factors 
show slightly more variance, but there is still a reasonably consistent result that further verifies 
the assumptions of the frequency response subtraction method and the resulting accuracy of the 
extracted parameters. 
 
2.2.3 Extracted Relaxation Frequencies and Damping Factors 
 
We can now proceed to examine the extracted relaxation frequencies and damping factors found 
from direct electrical injection, compare the results to the theoretically expected trends, and 
estimate the maximum bandwidth of the DFB test laser. The square of the relaxation frequency is 
shown in Fig. 2.11 as a function of current above threshold. From Eq. (2.11a), we expect a linear 
increase of 2rf vs. ( )thI I−  with a proportionality constant, D. The extracted parameters show 
excellent agreement with this trend, and D is found to be 3.0 GHz2/mA. 
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Figure 2.11: Square of the extracted relaxation frequency plotted versus the injected current above 
threshold and the linear fit to the data. 
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 We can then examine the relationship of the damping factor with the square of the 
relaxation frequency, shown in Fig. 2.12. Again, this should be a linear relationship, with the 
slope being equal to K. A linear trend is seen in the extracted parameters in Fig. 2.12 for larger 
relaxation frequencies, but it deviates substantially for smaller values. In this region the laser bias 
current is near the threshold current, where spontaneous emission that was neglected in our 
analysis becomes significant and results in larger than expected damping factors. This same 
phenomenon has been experimentally observed in previous measurements of the laser 
modulation parameters [14]. From the linear region of the extracted parameters, K is found to be 
0.36 ns, corresponding to a photon lifetime of 9.1 ps and a maximum modulation bandwidth of 
25 GHz. The effective carrier lifetime can also be determined from the intercept of the linear fit 
and was found to be 0.36 ns. The results of the electrical modulation measurement on the DFB 
test laser look promising, and demonstrate that the frequency response subtraction technique is 
successful in removing the effects of the electrical parasitics. 
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Figure 2.12: Extracted damping factors plotted versus the square of the relaxation frequency and the 
linear fit to the data. 
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CHAPTER 3 
 
MEASUREMENT OF THE RELATIVE INTENSITY 
NOISE (RIN) OF LASERS 
 
Electrical modulation appears to work well in determining the relaxation frequency and damping 
factor of the DFB test laser. However, for a device not mounted for high-speed modulation, this 
method may not work as well. We would also like another independent method of determining 
these parameters to confirm that the extracted parameters are accurate. For these reasons, we 
examine how these same parameters can be determined from the relative intensity noise (RIN) 
spectrum of a laser. 
 
3.1 Theoretical Description of the Laser RIN 
 
Even with a DC current supplied to a laser, small fluctuations in the carrier and photon densities 
will give rise to variations of the laser output power known as relative intensity noise (RIN), 
which is defined as [8] 
  
2
2
0
( )P t
RIN
P
δ≡  (3.1) 
where P0 is the average optical power and 2 ( )P tδ  is the variance of the square of the optical 
power. These small variations in the carrier and photon densities that cause the RIN are similar 
to the external perturbations induced by the modulated laser current in the case of direct 
electrical modulation, so the derivation of the RIN expression uses a similar rate equation 
analysis that was earlier used to determine the laser modulation response, and can be found in 
[9]. 
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The analytical expression for the frequency spectrum of the RIN is given as 
  
2
1 2
2 2 2 2 2
0
2 1
( )r
a aRIN h
f P
ων
ω ω ω γ
⎛ ⎞+= +⎜ ⎟Δ − +⎝ ⎠
 (3.2) 
In this expression, hν is the photon energy, and rω andγ are the previously discussed relaxation 
frequency and damping factor. The definitions for the terms 1a  and 2a  are given in [9], but 
here they are simply treated as fitting parameters for the experimental RIN data. The 
prefactor
0
2h
P
ν  in Eq. (3.2) corresponds to the standard quantum limit (or shot noise limit) of the 
laser noise, and the first term in the parenthesis corresponds to the excess noise of the laser. 
Specifically of interest here is the presence of the damping factor and relaxation frequency in the 
RIN expression. This presents an alternative means of determining the modulation parameters by 
measuring the RIN spectrum and fitting the data to the theoretical expression using a least 
squares method. We will examine experimental measurement of the RIN later on, but first we 
shall explore some theoretical properties and trends of the RIN spectrum and their relation to the 
modulation response. 
The RIN expression in Eq. (3.2) is plotted for increasing optical powers in Fig. 3.1 [9]. 
We can see that there is a peak in the laser noise at the relaxation frequency. This follows 
intuitively from the analysis of the laser modulation response because we would expect any noise 
near the relaxation resonance frequency to be naturally amplified within the laser. As the optical 
power is increased, the peak in the RIN spectrum shifts to higher frequencies and becomes 
broadened due to the increasing relaxation frequency and damping factor, similar to the trends 
seen in the modulation response. 
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Figure 3.1: Calculated RIN spectra for increasing current and output power. 
 
 At higher frequencies, the RIN reduces to the shot noise floor, which is inversely 
proportional to the optical power. The magnitude of the noise peak also decreases as the laser 
power increases with an approximately cubic dependence, while the shot noise limit is inversely 
proportional to the laser power. 
  3
0
1
peakRIN P
∝  (3.3a) 
  
0
1
shotRIN P
∝  (3.3b) 
These dependencies imply that as the power of the laser increases, the RIN peak will approach 
the shot noise limit. This, combined with the larger damping at higher power causing the RIN 
peak to be less distinct, makes the RIN peak significantly more difficult to observe and fit to the 
theoretical expression for larger laser output powers. We will revisit this point in the next section 
when we discuss the experimental measurement of the RIN. 
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3.2 Experimental Methods 
 
3.2.1 Experimental Setup 
 
The experimental setup shown in Fig. 3.2 is used to measure the RIN of the laser under test [13], 
[16]. The laser is held at a constant temperature of 20 °C by a thermoelectric cooler, and a 
constant bias current is supplied by the current source. The optical output of the laser is again 
coupled using a lensed fiber tip, and connected through an isolator to the high-speed 
photodetector. The isolator is necessary to prevent feedback to the laser that can have dramatic 
effects on the output RIN [17]. Because of the consequences of optical feedback, it is also 
important to ensure that all of the fiber connections in the optical system are clean to prevent 
such back reflections. 
The photodetector has two outputs: an RF output and a DC output. The DC output is a 
monitor voltage proportional to the detector photocurrent, which is proportional to the optical 
power input to the detector. This voltage is measured using a digital multimeter. The RF output  
Laser 
Under Test
HP 8593E
Electrical 
Spectrum Analyzer
New Focus 1422 
RF Amplifier
Newport D-15
High-Speed 
Photodetector
Isolator
DC Current 
Bias
Multimeter
 
Figure 3.2: Experimental setup for the RIN measurement. 
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of the photodetector is amplified by the RF amplifier and the power spectral density is then 
measured by the electrical spectrum analyzer. The current source, multimeter, and electrical 
spectrum analyzer are controlled via GPIB by a LabVIEW program that can automatically set the 
bias current to the laser and then record the measured monitor voltage from the photodetector 
and the RF power spectrum from the electrical spectrum analyzer. 
 
3.2.2 Analysis of the Experimental Setup 
 
The setup presented in the previous section is used to measure the RF spectrum of the laser 
output noise. However, some further analysis is needed to express the RIN in terms of the 
measured electrical quantities, and there are a number of other issues with the setup that must 
also be addressed.  
We begin by expressing the RIN in terms of the equivalent electrical quantities. The 
photocurrent excited in the detector is proportional to the optical power, and the electrical power 
is proportional to the square of the photocurrent. Thus, the square of the optical power is 
proportional to the electrical power, and the RIN can be rewritten in terms of electrical quantities 
from the definition in Eq. (3.1) as 
  
2
2
0 0
( ) ( )e
e
P t SRIN
f P P
δ ω= =Δ  (3.4) 
where Se(ω) is the power spectral density of the photodetector RF output and Pe0 is the 
equivalent DC electrical power. To find Pe0 from the measured monitor voltage, we can use the 
detector specifications shown in Table 3.1 and the equivalent circuit for RF and DC outputs 
shown in Fig. 3.3. 
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Table 3.1: Photodetector detector specifications. 
Newport D-15 High-Speed Photodetector Specifications 
 
Spectral Response 400-1700nm 
Power Bandwidth 21 GHz 
Maximum Optical Power 5 mW 
Conversion Gain (into 50 Ω) C = 10 V/W 
Responsivity A = 0.2 A/W 
RF Output Termination Rout = 1 kΩ 
Monitor Output Termination Rmon = 10 kΩ 
Monitor Voltage Offset Voff = 9 mV 
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Figure 3.3: Equivalent circuits of the RF and DC outputs of the photodetector. 
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The photocurrent produced in the detector, phI , is related to the incident optical 
power, 0P , by the responsivity, A :  
  0phI AP=  (3.5) 
The measured monitor voltage, Vmon, and RF power measured by the electrical spectrum analyzer, 
Pe, can then be found in terms of the generated photocurrent: 
  mon mon ph offV R I V= +  (3.6) 
  
2
2out
e L ph
out L
RP R I
R R
⎛ ⎞= ⎜ ⎟+⎝ ⎠
 (3.7) 
where Rmon is the effective resistance of the monitor output circuit shown in Fig. 3.3 and Voff is 
the offset in the monitor voltage (the voltage read when no optical power is input to the detector). 
Rout is the output resistance of the RF output of the photodetector, and RL is the resistance of the 
load connected to the RF output (50 Ω for the electrical spectrum analyzer). The equivalent DC 
electrical power in terms of the measured monitor voltage and system parameters can then be 
found by combining Eqs. (3.6) and (3.7): 
  ( )2 20 2 outLe mon off
mon out L
RRP V V
R R R
⎛ ⎞= −⎜ ⎟+⎝ ⎠
 (3.8) 
Next, we will look at how to measure the noise power spectrum at the electrical spectrum 
analyzer and how then to determine ( )eS ω , the power spectral density of the RF output of the 
photodetector. The typical settings used on the spectrum analyzer are given in Table 3.2. 
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Table 3.2: Electrical spectrum analyzer settings for RIN measurement. 
Typical Electrical Spectrum Analyzer Settings 
 
Frequency Band Band 0:   0.0 - 2.9 GHz Band 1:   2.8 – 6.4 GHz 
Resolution Bandwidth 5 MHz 
Video Bandwidth 3 MHz 
Number of Averages 400 
Attenuation 0 dB 
Reference Level -60 dBm 
 
 
 
 The spectrum analyzer is only capable of measuring frequencies within distinct bands in 
a single sweep. To measure the RIN over a larger frequency range, measurements are made in 
the first two bands and then appended together. Although this can sometimes cause a 
discontinuity in the measured noise data where the frequency bands meet, this effect can be 
largely removed by subtracting off the background noise of the measurement setup, as discussed 
later in this section. The resolution bandwidth is set as large as possible and the attenuation set to 
0 dB to maximize the electrical spectrum analyzer sensitivity. The reference level is typically set 
near -60 dBm and the dB/div adjusted to better see the laser RIN peak, which can be difficult to 
discern among the spectral features of the background noise. Also because of the often small size 
of the RIN signal, a large number of averages (400) are used.  
 Even with no optical power input to the detector, there will be some background noise 
measured by the spectrum analyzer, primarily from the RF amplifier and from thermal noise in 
the spectrum analyzer itself. The latter noise contribution can be especially troublesome because 
it is not constant with time immediately after the spectrum analyzer is turned on, as can be seen 
in Fig. 3.4. The measured background noise slowly increases until it stabilizes after 
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approximately 15 min. Not only does the level of the noise increase, but the shape of the 
background noise changes significantly as well, with the noise tending to flatten out as it reaches 
equilibrium. Because of the changes in the background noise, it is imperative that the electrical 
spectrum analyzer and RF amplifier be allowed to warm up for a sufficient amount of time 
(20-30 min) before measuring the noise spectrum of the laser output. 
 
Figure 3.4 also shows that even after the background noise reaches it steady state, there 
is still significant structure to the background noise spectrum that should not be included in the 
calculation of the laser RIN. This includes the previously mentioned discontinuity at the 
boundary between the frequency bands seen near 2.9 GHz. To remove these effects, a 
measurement of the background noise is made before the measurement of the laser noise 
spectrum, and then again after the laser measurement, to check for any further drift of the 
background noise. The background noise can then be subtracted from the measured noise power 
of the laser output. This ensures that the measured noise spectrum is due only to noise from the 
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Figure 3.4: Background noise measured on the electrical spectrum analyzer. There is significant drift of 
the noise floor after the spectrum analyzer is turned on. 
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laser output, and not any other parasitic noise in the measurement apparatus. Finally, to find 
Se(ω) we must account for the gain of the RF amplifier, G(ω) (shown in Fig. 3.5), and the finite 
resolution bandwidth of the spectrum analyzer, Δf. 
 The bandwidth of the filter that the spectrum analyzer uses to measure the RF power at a 
particular frequency is approximately equal to the resolution bandwidth, but with a small 
correction to account for the Gaussian (non-ideal) shape of the filter [16]: 
  (1.0645) RBWf fΔ ≈  (3.9) 
The noise spectral density of the photodetector output can then thus be expressed as 
  
( ) ( )
( )
( )
ESA bg
e
S S
S
G f
ω ωω ω
−= Δ  (3.10) 
where ( )ESAS ω is the measured noise spectrum of the laser and ( )bgS ω is the background noise 
spectrum (measured with the laser turned off). 
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Figure 3.5: Gain of the New Focus RF amplifier used in the RIN measurement setup. 
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3.3 Experimental Results for a DFB Laser 
 
Having discussed the details of laser noise experimental setup and how the RIN can be found 
from the measured quantities, we can now proceed to examine the measured RIN and extracted 
relaxation frequency and damping factor of the same 1.55 µm wavelength DFB test laser studied 
in Chapter 2. The measured RF noise power of the photodetected laser output after subtracting 
the background noise floor of the spectrum analyzer is shown in Fig. 3.6. The data show a clear 
peak in the noise that shifts to higher frequency and broadens as the current is increased, as we 
would expect due to the increasing relaxation frequency and damping factor. A number of other 
observations can be made form the noise power data. Firstly, the magnitude of the measured 
noise power is quite small, approximately 20 pW or -77 dBm, and comparable to the magnitude 
of the background noise seen in Fig. 3.4. As discussed in the previous section, this small signal 
makes it necessary to subtract the background noise spectrum and take a large number of 
averages. The relatively clean noise data shown in Fig. 3.6 indicate that these methods were 
generally successful in viewing only the noise due to the laser output fluctuations. 
 The measured noise data can now be used to find the laser RIN, but first we must revisit 
the theoretical expression for the RIN, given in Eq. (3.2). Specifically, we would like to examine 
the shot noise term and whether the shot noise limit can be resolved using our experimental setup. 
The calculated RF shot noise power and corresponding RIN are shown in Fig. 3.7 for varying 
optical powers input to the photodetector. As can be seen in the noise power plot, the shot noise 
contribution is several orders of magnitude below the peak noise value and below the noise floor 
of the measured laser noise power. 
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Figure 3.6: Measured noise power spectrums of Bell Labs DFB#633 for various bias currents. 
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Figure 3.7: Calculated shot noise power (a) and RIN level (b) as a function of optical power. 
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 Because the shot noise limit cannot be resolved using this setup, the shot noise term is 
ignored in the theoretical expression, and the fitting expression becomes 
  
2
1 2
2 2 2 2 2( )r
a aRIN
f
ω
ω ω ω γ
+=Δ − +  (3.11) 
where the 
0
2h
P
ν  factor is now included in the a1 and a2 parameters. The least squares fit of this 
expression (in linear units) to the measured RIN spectrum can then be used to extract the 
relaxation frequency and damping factor. The measured RIN and the corresponding fit to the 
theoretical expression are shown in Fig. 3.8. The RIN data show the same trends as the noise 
power data (increasing relaxation frequency and damping). The magnitude of the RIN also 
decreases dramatically as the laser current and output power are increased, which is expected 
from the theoretical discussion of the RIN. Figure 3.8 also shows that the measured data agrees 
well with the theoretical curve fits, indicating that the extracted relaxation frequencies and 
damping factors should be reasonably accurate. We can now examine the parameters extracted 
from the RIN data and compare them to those obtained from the electrical modulation 
measurement, beginning with the relaxation frequencies. 
 From Fig.3.9, we see that there is a clear linear trend between the square of the 
relaxation frequency and the current above threshold. The RIN extracted relaxation frequencies 
also appear to agree well with those found from the electrical modulation measurements. The 
slope of the linear trend, D, is found to be 3.15 GHz2/mA from the RIN-extracted parameters, 
which is close to electrical modulation value of 2.98 GHz2/mA. 
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Figure 3.8 Measured RIN spectrums (solid) and the curve fits to the theoretical expression (dashed). 
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Figure 3.9: Extracted relaxation frequency squared as a function of current over threshold and linear fits 
for both the electrical modulation and RIN results. 
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The extracted damping factors for both methods are shown in Fig. 3.10. For the RIN 
data, there is a considerable amount of run-to-run variance in the extracted damping factor, 
particularly for larger bias currents (I-Ith > 4 mA). To reduce the effect of this variance when 
examining the extracted parameters, data from multiple measurement runs are plotted together. 
In this large current region, the extracted damping factors are larger than what was obtained from 
electrical modulation. The larger damping factors and the variance between measurements are 
most likely due to the distortion and parasitic noise seen in the RIN data. These distortions can 
vary between measurements and generally cause the curve fit extracted damping factor to be 
larger than the actual value. Despite this apparent error in the parameter extraction, a linear trend 
is apparent in the RIN data. The K value and photon lifetime are found from the linear region to 
be 0.40 ns and 10 ps, respectively. This agrees reasonably well with the electrical modulation 
result of 0.36 ns and 9.1 ps for K and the photon lifetime, respectively. The RIN result for the 
carrier lifetime differs slightly more, with a value of 0.27 ns for the RIN data and 0.36 ns for the 
electrical modulation data. 
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Figure 3.10: Extracted damping factor as a function of relaxation frequency squared plotted for both the 
electrical modulation and RIN results. 
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3.4 Comparison of Electrical Modulation and RIN Measurement 
 
 Overall the results of the two methods agree reasonably well. This confirms the 
accuracy of the extracted parameters and validates the methods used in each. It is then useful to 
review the drawbacks and advantages of each method, and consider when one may be more 
appropriate to use than the other. Although the electrical modulation method using frequency 
response subtraction takes steps to mitigate the effect of the electrical parasitics of the laser, it 
requires a number of additional assumptions, such as the current independence of the parasitic 
response. The method also relies on curve fits to the mostly nonphysical ratio of the frequency 
response at different current biases. In contrast, the RIN measurement is inherently free of the 
electrical parasitics of the laser or bias circuit because only a DC current must be provided to a 
laser. The simpler data processing also provides a greater degree of transparency in the RIN 
results. This may make RIN measurement the preferred method for high-speed characterization 
for lasers with high capacitance structures, where the electrical parasitics dominate the measured 
frequency response. However, the RIN measurement involves measuring very low power RF 
signals that lead to significant variation in the extracted parameters from one measurement to the 
next. This is not the case for the electrical modulation method, which typically yields much 
cleaner, more repeatable results. For large laser currents and optical powers, the magnitude of the 
RIN peak also decreases quickly and makes accurate measurement of the RIN difficult. Thus, for 
measuring lasers properly mounted for high speed, electrical modulation will allow for a much 
better measurement of the relaxation frequency and damping factor with less noise over a much 
larger range of bias currents. 
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CHAPTER 4 
 
PROPERTIES OF SILVER-COATED QUANTUM-DOT 
LASERS 
 
4.1 Device Structure 
 
In this section we will examine several quantum-dot lasers with a silver coating on the sidewall 
of the waveguide. Similar devices without the silver coating will also be studied to better 
understand the effect of the metal waveguide on the properties of the laser. The structure of the 
quantum-dot devices to be studied is shown in Fig. 4.1. The active region is composed of 10 
layers of InAs quantum dots with a peak emission near 1.3 µm. A thorough description of the 
layer structures is given in [18]. The lateral dimension of the waveguide is formed by etching an 
approximately 4 µm deep ridge through the active layer. The width of the waveguide after all the 
processing steps is approximately 1.4 µm for most devices, but there are also some devices with 
a 10 µm waveguide width. A 55 nm layer of SiNx is then deposited on the ridge sidewalls to 
electrically insulate the active region from the 200 nm layer of silver, which is then deposited on 
the waveguide. There is another layer of insulator that is used to support the top contact. A more 
detailed description of the device processing of similar gold-coated devices can be found in [19]. 
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Figure 4.1: Transverse structure of the silver-coated quantum-dot devices. 
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 Devices with a similar structure (Fig 4.2) but without the silver waveguide coating were 
also fabricated. The waveguide width and SiNx thickness are approximately the same as the 
silver-coated device, but a different insulator is used to support the top contact and the ridge 
height is smaller, approximately 1.2 µm. This results in the active layer being below the bottom 
of the ridge. The facets of both the coated and uncoated samples were cleaved to create 
Fabry-Pérot (FP) lasers. The device numbers and dimensions of the studied quantum-dot samples 
are given in Table 4.1. Several properties of these lasers were measured, and the results from the 
coated and uncoated devices are presented and compared in this chapter. 
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Figure 4.2: Transverse structure of the uncoated quantum-dot devices. 
 
 
 
Table 4.1: Summary of quantum-dot device numbers and dimensions. 
Device 
Number 
Silver-Coated/
Uncoated Laser/LED 
Waveguide 
Width 
Cavity 
Length 
 
NLQD1A2 Uncoated Laser 1.4 µm 1491 µm 
CYA7 Silver-Coated Laser 1.4 µm 1000 µm 
CYA9 Silver-Coated Laser 1.4 µm 1000 µm 
CYD7 Silver-Coated LED 10 µm 518 µm 
CYD9 Silver-Coated LED 10 µm 518 µm 
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4.2 DC Characteristics of Quantum-Dot Devices 
 
4.2.1 Uncoated Laser 
 
We will first examine the properties of an uncoated quantum-dot laser shown in Fig. 4.3, 
including the obtained light-current-voltage (LIV) curves, optical spectrum, and group index. We 
will begin with the LIV and lasing spectra shown in Fig. 4.4, which are fundamental 
characterizations for any laser, and are in fact useful in determining if a device is lasing at all. 
A2
 
Figure 4.3: SEM image of the uncoated laser. The cavity length is 1491 µm and the waveguide width is 
approximately 1.4 µm. (Courtesy of Akira Matsudaira) 
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Figure 4.4: LIV curves (a) and optical spectra for several drive currents (b) for an uncoated quantum-dot 
laser (NLQD1A2). 
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All LIV curves and spectra presented are taken with a 15 °C heatsink temperature and with 
continuous-wave (cw) current. The LIV curves show definite turn-on behavior, indicating lasing 
with a threshold current of 79 mA. Below the threshold current, the device output is dominated 
by amplified spontaneous emission (ASE), and we see a smooth envelope composed of multiple 
Fabry-Pérot (FP) peaks in the optical spectrum. As the current is increased above threshold, 
stimulated emission becomes dominant and some of these peaks grow rapidly. This indicates that 
the device is lasing in multiple longitudinal modes, as is expected for an FP laser. Further 
increasing of the current causes the group of lasing peaks to shift to longer wavelengths due to 
thermal effects. The observed threshold current corresponds to a threshold current density of 
3.77 kA/cm2 for a device length of 1491 μm and waveguide width of 1.4 μm. This is several 
times larger than previously published results using the same active layer structure, but with 
different waveguide dimensions [18]. The higher threshold is due to some additional unknown 
loss, such as defects in the waveguide or facets introduced in the device fabrication that increase 
the scattering and mirror losses. Specifically, the surface roughness of the SiNx layer may be the 
cause of this increased loss. The same larger-than-expected threshold current densities were 
observed in other uncoated lasers that were also examined. There was a large amount of variation 
in the threshold current densities for the other uncoated devices, which is also indicative of some 
problem in the fabrication process. The device presented here was one of the highest power 
devices, so it was the one focused on for comparison to the silver-coated devices. 
 We next examine the net modal gain and group index and how they can be determined 
from the measurement of the below threshold ASE spectrum. The ASE spectrum is measured 
using an Advantest Q8347 optical spectrum analyzer (OSA). The spectrum is measured in 10 nm 
sections to yield the maximum resolution of the OSA (0.005 nm), and the data are then 
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concatenated to produce a high resolution optical spectrum over a broad wavelength range. 
Several ASE spectra of the uncoated laser are shown in Fig. 4.5. There are a number of changes 
that can be seen in the ASE spectrum as the current is increased. The total ASE power increases, 
the ASE peak shifts to smaller wavelengths [8], and the FP peaks become larger. In Fig 4.5, the 
span of the spectrum is too large to clearly see the individual FP peaks, so this increase appears 
as a “thicker” trace in the ASE spectrum. By looking at a narrower wavelength range, the FP 
peaks and their increasing magnitude can be more clearly seen, as in Fig. 4.6. 
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Figure 4.5: ASE spectra of an uncoated device (NLQDQ1A2) for increasing current. 
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Figure 4.6: FP peaks in the ASE spectrum of an uncoated device (NLQD1A2). 
 
 From the FP peaks, the net modal gain can be determined using the Hakki-Paoli method 
[20]: 
  max min
max min
/ 11 1 1ln ln
/ 1n
I I
G
L L RI I
⎛ ⎞− ⎛ ⎞= +⎜ ⎟ ⎜ ⎟⎜ ⎟+ ⎝ ⎠⎝ ⎠
 (4.1) 
where Gn is the net modal gain, L is the cavity length, R is the facet reflectivity, and Imax and Imin 
are the peak and valley values of the ASE intensity, respectively. The cavity length is measured 
from scanning electron microscope (SEM) images of the device, as shown in Fig 4.3, and is 
found to be 1491±4 µm. 
The reflectivity used in Eq. (4.1) is estimated using the Fresnel formula and the 
refractive index of GaAs, which is approximately 3.4 near 1.3 μm [21]. This yields a reflectivity 
of 0.3 and is used as the reflectivity in all of the studied quantum-dot devices. From the ASE data, 
the peak and valley values of the ASE intensity can then be identified and used to calculate the 
gain spectrum of the device for multiple lasers currents, shown in Fig. 4.7. From the gain spectra, 
we see that as the current is increased the gain also increases and the gain peak shifts to shorter 
wavelengths as would be expected. There are several other items to note from this plot  
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Figure 4.7: Net modal gain for multiple currents of an uncoated device (NLQD1A2). 
 
about the ASE measurement and the extraction of the modal gain. Firstly, because the large span 
ASE spectra are obtained by combining multiple narrow span measurements from the OSA, 
there can be discontinuities where these sections meet. In Fig. 4.7, these discontinuities appear as 
narrow peaks in the gain at 1275 nm and 1285 nm. Secondly, the ASE power in a given 
wavelength range must be sufficient to accurately determine the peak and valley intensities. At 
low current or far from the ASE peak, the ASE power is reduced and causes the noise in the gain 
spectrum seen at the wavelength extremes. The OSA also has a maximum dynamic range of 
approximately 30 dB. This means that as the FP peaks become very large, the ASE power in the 
valleys can no longer be measured and the gain cannot be accurately determined. 
 The group index can also be obtained from the ASE data using the FP mode spacing [8]: 
  
2
2g
n
L
λ
λ= Δ  (4.2) 
where λ is the wavelength, L is again the cavity length, and Δλ is the spacing between adjacent 
FP peaks. The average mode spacing is found to be 0.154 nm. This corresponds to a group index 
of 3.54, with an average error of 1.3% based on the standard deviation. The 
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wavelength-dependent group index is shown in Fig. 4.8 and is approximately flat over the shown 
wavelength range. Again, we see significantly more noise at the long and short wavelength ends 
due to the small ASE emission there, and also some occasional anomalous data points at the 
discontinuities between separate OSA sweeps (at 1275 nm and 1285 nm). The obtained group 
index is slightly larger than the previous result of 3.35 for the same uncoated active layer 
structure [22]. The difference is most likely due to the SiNx layer covering the sidewall of the 
waveguide, which was not present in the device studied in [22]. The expression for the group 
index, ng, is given as [8] 
  g
dnn n
d
λ λ= −  (4.3) 
where n is the effective index of the guided mode in the optical waveguide. The group index 
depends not only on the refractive index of the waveguide material, but also on the waveguide 
dispersion seen in the second term of Eq. (4.3). This makes the group index an important point of 
comparison between the coated and uncoated devices because the large dispersion from the 
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Figure 4.8: Wavelength dependent group index of an uncoated laser (NLQD1A2). 
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silver should result in a larger group index. Thus, a larger group index in the silver-coated 
devices should serve as a good indicator of the level of interaction of the optical field with the 
silver coating and any plasmonic effect. 
 
4.2.2 Silver-Coated Devices 
 
We can now examine the properties of the silver-coated lasers and LEDs and compare the results 
to those found for the uncoated laser. Two silver-coated lasers are pictured in Fig. 4.9, and the 
LIV curves and lasing spectrum for one device are shown in Fig. 4.10. The LIV curves show a 
threshold current of 141 mA, and output power of the same order as the uncoated device. In the 
optical spectra, we see the same evolution from smooth envelope of FP peaks to a single group 
of lasing modes that red-shift with increasing current, thus demonstrating room temperature, cw 
lasing in these silver-coated devices. The threshold current density is found to be 10.1 kA/cm2, 
which is almost three times the value for the uncoated laser. The larger threshold may be due to 
the additional loss caused by the silver, or simply due to the threshold variation caused by 
processing defects discussed previously. 
A9
A7
 
Figure 4.9: SEM image of the silver-coated laser. The cavity length is 1000 µm and the waveguide width 
is approximately 1.4 µm. (Courtesy of Chien-Yao Lu) 
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Figure 4.10: LIV curves (a) and optical spectra for several drive currents (b) for a silver-coated device 
(CYA7). 
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Figure 4.11: ASE spectrum (a) and visible FP peaks (b) in a silver-coated laser (CYA7). 
 
 From the FP peaks in the ASE spectrum (Fig. 4.11), the net modal gain and group index 
can be found as they were for the uncoated laser and are shown in Fig. 4.12. In this case, there 
was sufficient ASE power to examine the gain at long wavelengths corresponding to photon 
energies near or below the band edge, where the gain at different currents should converge to the 
intrinsic loss in the laser. Although this trend is apparent in the obtained gain spectra, we are not 
able to find the gain at large enough wavelengths to be able to estimate the intrinsic loss with any 
accuracy. Also shown in Fig. 4.12 is the group index obtained from the FP mode spacing. The 
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Figure 4.12: Gain (a) and group index data (b) for a silver-coated laser (CYA7). 
 
average mode spacing was found to be 0.216 nm, resulting in an average group index calculated 
to be 3.88 with 1.6% average error. This is larger than the uncoated index of 3.54, possibly 
indicating a plasmonic effect due to the interaction of the optical field with the silver waveguide 
coating. 
 We will next look at two other silver coated devices that do not lase, but whose output 
power is large enough to measure the gain and group index. An SEM picture of one of the 
devices and LIV curves for both LEDs are shown in Fig. 4.13. Both devices are on the same 
semiconductor sample and have a waveguide width of approximately 10 µm and a cavity length 
of 518 µm. The reduced cavity length compared to the silver-coated lasers and associated 
increase in the mirror loss may be one reason these devices do not lase. This can be seen in the 
LIV curves in Fig. 4.14, which exhibit no turn-on behavior. Instead, there is a slow increase in 
output power until the devices reach thermal saturation at about 2 µW, several orders of 
magnitude below the output powers of the uncoated and silver coated lasers. However, the 
devices still have enough power to measure the ASE spectrum, where we observe the FP peaks 
shown in Fig. 4.15. 
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D9
 
Figure 4.13: SEM image of a silver-coated LED (CYD9). The cavity length is 518 µm and the waveguide 
width is approximately 10 µm. (Courtesy of Chien-Yao Lu) 
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Figure 4.14: LIV curves for two silver-coated quantum-dot LED devices, CYD7 (a) and CYD9 (b). 
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Figure 4.15: ASE spectra for two silver-coated LEDs, CYD7 (a) and CYD9 (b). 
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 The FP peaks in device CYD7 look the same as for the 1.4 µm wide waveguide devices 
we have observed previously. For low currents, the FP peaks from device CYD9 also look 
similar, but at high current a second set of FP peaks becomes visible. This second set of FP peaks 
is believed to be caused by a second transverse mode with a slightly different group index, 
causing a small change in FP resonance frequencies. This was confirmed by observing the output 
of the device through a polarizer. If the second set of peaks was due to a TM polarized mode (TE 
should be dominant), it should be possible to adjust the axis of the polarizer such that it passes 
only one polarization and thus one set of FP peaks. It was found that both sets of FP peaks were 
TE-polarized, which is consistent with the TE-dominated output previously observed in this 
quantum-dot sample [22]. This confirms that the source of the second set of FP peaks is most 
likely a second transverse mode, which is to be expected because the waveguide width is so 
large. 
From ASE data, the gain and group index are again extracted and shown in Fig. 4.16 
and Fig. 4.17. The gain spectra show increasing gain and also a strong red-shift with increasing 
current, indicating the presence of significant thermal effects and confirming the thermal 
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Figure 4.16: Extracted gain spectra for a silver-coated LED (CYD7). 
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saturation of the output power seen in the LIV curve. The average FP mode spacing of CYD7 
was found to be 0.356 nm, resulting in a group index of 4.51 and an average error of 2.0%. A 
similar result was found for CYD9, with an average mode spacing of 0.372 nm and a group 
index and average error of 4.38 and 1.8%, respectively. These group indices are much larger than 
those found for the uncoated and silver-coated lasers and even larger than the index of 4.2 found 
for a gold-coated laser [19]. This is a surprising result because for such a wide waveguide, we 
would expect the dominate mode to be mostly in the semiconductor region away from the lossy 
silver waveguide coating and thus expect little effect from the silver coating. However, the large 
group index indicates that there is a significant effect due to the interaction of the optical field 
with the silver. 
1260 1280 1300 1320
3.5
4.0
4.5
5.0
5.5
6.0
G
ro
up
 In
de
x
Wavelength (nm)
(a)
CYD7
N = 665
ng = 4.51
std(ng) = 0.090
1280 1290 1300 1310 1320 1330
3.5
4.0
4.5
5.0
5.5
6.0
G
ro
up
 In
de
x
Wavelength (nm)
(b)
CYD9
N = 467
ng = 4.38
std(ng) = 0.080
 
Figure 4.17: Wavelength-dependent group index for two silver-coated LEDs, CYD7 (a) and CYD9 (b). 
 
4.2.3 Multimode Characteristics of a Silver-Coated Laser 
 
We will now examine another 1.4 µm wide silver coated laser, device CYA9 (pictured in Fig. 
4.9), that displays some interesting multimode properties not seen in either of the silver-coated or 
uncoated devices presented so far. The LIV curves and lasing spectra are shown in Fig. 4.18. 
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From the LIV, we see the laser has a threshold current of 101 mA. This corresponds to a 
threshold current density of 7.2 kA/cm2, which is smaller than the first silver-coated laser 
presented but still almost twice the value for the uncoated laser. As the current is increased above 
threshold, we see in the lasing spectra not one, but three groups of lasing FP modes. To 
investigate this phenomenon, we will examine the FP modes in the ASE spectrum shown in Fig. 
4.19. From the ASE spectrum at larger currents, we can discern at least three sets of FP peaks in 
the wavelength range shown corresponding to three distinct modes with slightly different group 
indices. Just as was done for the multimode silver-coated LED, a polarizer was used to see if any 
of these peaks were due to a TM mode. It was found that all the modes visible in Fig. 4.19 were 
TE-polarized, making it likely that the multiple sets of FP peaks were due to multiple transverse 
modes within the laser. This is the same conclusion that was reached for the multimode LED, but 
in this case the additional modes are much more prominent. Also, because the waveguide width 
of this device is 1.4 µm versus the 10 µm width of the silver-coated LED, we expect there to be 
fewer modes of significant power in this narrower waveguide. 
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Figure 4.18: LIV curves (a) and optical spectra for several drive currents (b) for a silver-coated 
quantum-dot laser (device number CYA9). 
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Figure 4.19: Multimode ASE spectrum of a silver-coated device (CYA9). 
 
To confirm the presence of multiple transverse modes, the alignment dependence of the 
ASE spectrum was examined. This was done by first aligning a fiber tip for maximum power, 
and then measuring the ASE spectrum as the fiber tip is moved in approximately 10 µm 
increments as shown in Fig 4.20. If there is only a single dominate transverse mode, then as the 
alignment changes the total power coupled may fall but the shape of the ASE spectrum will 
remain constant. If there are multiple transverse modes with different maxima in the field pattern, 
then changing the alignment will change the relative power coupled from each mode. 
Shifting 
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Figure 4.20: Method to check for the presence of multiple transverse modes from alignment dependence 
of the ASE spectrum. 
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Figure 4.21: Alignment-dependent ASE spectrum for an uncoated laser, NLQD1A2 (a), and a 
silver-coated laser, CYA9 (b). 
 
The shape of the measured ASE spectrum, the weighted sum of these modes, will thus change as 
the alignment is varied. This measurement was done on the multimode silver-coated laser, as 
well as the single mode uncoated laser, to confirm that the FP peaks in the ASE spectrum were in 
fact independent of alignment. The results (Fig. 4.21) for the uncoated laser show a single set of 
FP peaks that remain unchanged as the fiber tip is moved. For the silver-coated laser, the shape 
of the ASE spectrum is seen to be strongly dependent on alignment. This serves to further 
demonstrate that the multiple sets of FP peaks are in fact different transverse modes within the 
laser. 
With more certainty in our understanding of the modal properties of the laser, we will 
now take a closer look at the different modes visible in the ASE spectrum and how they relate to 
the groups of lasing peaks seen in the above threshold spectrum. The large span ASE spectrum 
for 100 mA current is shown in Fig. 4.22, along with zoomed in sections at different wavelengths 
to view the FP peaks. These zoomed in sections again show multiple modes, but the number of  
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Figure 4.22: Identification of dominate transverse modes below threshold and correlation with lasing 
spectrum. 
 
modes appears to be change in different wavelength regions – from as few as two to as many as 
four modes appearing at a given wavelength. For each mode, the FP peak spacing can be 
estimated. Starting from a lowest wavelength FP, we can use the estimated spacing of the mode 
to label all of the FP peaks belonging to that mode throughout the spectrum. This process is 
repeated for the three remaining modes, and the identified FP peaks (arbitrarily labeled 1 through 
4) are shown in both the narrow and wide span ASE spectra. The group index can then be 
calculated for each mode and is found to be approximately 3.9 for all the modes, as seen in  
1279.6 1279.8 1280 1280.2 1280.4
-62
-60
-58
-56
Wavelength (nm)
A
S
E
 (d
B
m
)
1291.6 1291.8 1292 1292.2 1292.4
-62
-60
-58
-56
-54
-52
-50
Wavelength (nm)
A
S
E
 (d
B
m
)
1275 1280 1285 1290 1295 1300 1305 1310 1315 1320
-70
-65
-60
-55
-50
-45
Wavelength (nm)
A
S
E
 (d
B
m
)
1275 1280 1285 1290 1295 1300 1305 1310 1315 1320
-50
-45
-40
-35
-30
-25
-20
-15
Wavelength(nm)
P
ow
er
 (d
B
m
)
I=120mA 
I=100mA 
CYA9 
1303.6 1303.8 1304 1304.2 1304.4
-64
-62
-60
-58
Wavelength (nm)
A
S
E
 (d
B
m
)
Mode 1
Mode 2
Mode 3
Mode 4
 53
3
4
5
G
ro
up
 In
de
x
3
4
5
3
4
5
1280 1285 1290 1295 1300 1305 1310 1315
3
4
5
Wavelength (nm)
Mode 1
ng=3.893
std=0.018
Mode 2
ng=3.885 std=0.020
Mode 3
ng=3.883
std=0.031
Mode 4
ng=3.889
std=0.025
 
Figure 4.23: Group index of the individual modes in device CYA9. 
 
Fig. 4.23. Although there certainly are different group indices for the different modes to account 
for the distinct sets of FP peak, they are too small to be resolved from the FP spacing.  
 We would like to extract the gain of the individual modes, but this cannot be done from 
this information because magnitude of the ASE valleys can not be determined. Additionally, the 
relative magnitude of the FP peaks from different modes will be sensitive to the alignment of the 
fiber tip used to couple light out, so the relative level of the modal envelopes seen in the wide 
span ASE spectrum may not be a good indicator of the relative values of the gain for each mode. 
What these envelope curves seen in Fig. 4.22 can tell us is roughly where the gain of the 
individual modes is largest, as this should not be alignment sensitive. Indeed when we look at the 
spectrum above threshold, there appears to be a correspondence between the location of the 
groups of lasing peaks and the peak of the ASE envelope for modes 1-3. This seems to indicate 
that each of the lasing groups seen above threshold is actually due to different transverse modes 
that are simultaneously lasing. 
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4.3 High-Speed Measurements of Quantum-Dot Lasers 
 
4.3.1 Electrical Modulation of a Silver-Coated Laser 
 
We will now attempt to apply the high-speed characterization techniques described in the first 
two chapters to these quantum-dot devices, beginning with electrical modulation of a silver 
coated laser. Unlike the 1.55 µm wavelength DFB laser used as a test laser in Chapter 2, these 
devices are not packaged or mounted for high-speed operation. This means that the high-speed 
probe previously used to supply the small-signal modulated current to the laser cannot be used in 
this case. Instead, the modulated current was injected into the laser through a standard DC probe. 
The DC probes are not designed for the high frequency signals used in the electrical modulation 
measurement, and we expect there to be significant distortion in the measured frequency 
spectrum. Indeed, there appears to be much distortion in the raw frequency response data 
collected by the network analyzer, which is shown in Fig. 4.24. Almost no trace of the expected 
features of the laser modulation response can be seen in the raw frequency response data, except 
for perhaps a general increase in the response as the current is increased. This is due to the much 
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Figure 4.24: Measured frequency response of a silver-coated laser (CYA9) and the measurement setup. 
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larger electrical parasitics as compared to the measurement of the 1.55 µm-wavelength DFB test 
laser, and should make us wary of conclusions drawn from the data. However, the frequency 
response subtraction technique can still be applied to see if any useful results can be derived and 
properly verified. 
 The ratio of the frequency responses and the reference response (140 mA reference bias) 
shown in Fig. 4.25 look promising. There is considerable noise, but there is also a discernable 
structure to the curves that somewhat resemble the ratio curves examined in Chapter 2. The 
extracted electrical parasitics are also consistent for different currents as expected. From the 
extracted parameters in Fig. 4.26, we can see the anticipated linear trends that again suggest that 
extracted parameters are accurate. However, we must then examine the effect of the reference 
bias choice (Fig 4.27). Here we find that the parameters extracted vary greatly with different 
reference biases. This indicates that the relaxation frequencies and damping factors extracted 
from the frequency response data are not actually accurate. This is most likely due to the very 
large effect of the electrical parasitics that dominate the measured frequency response, and 
cannot be successfully removed through the frequency response subtraction technique. 
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Figure 4.25: Frequency response ratios and their associated curve fits (a) and the extracted electrical 
parasitics (b) for device CYA9. 
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Figure 4.26: Extracted relaxation frequencies (a) and damping factors (b) for device CYA9. 
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Figure 4.27: The effect the choice of reference bias on the extracted relaxation frequency (a) and damping 
factor (b) for device CYA9. 
 
4.3.2 RIN of Silver-Coated and Uncoated Lasers 
 
In light of the excess electrical parasitics and the resulting inability to use electrical modulation 
to characterize the high-speed performance of the laser, we will move on to examine the 
measured RIN spectrum of the devices. We will begin by looking at the RIN for the uncoated 
laser (NLQD1A2), which is shown in Fig. 4.28. A clear RIN peak is visible and the curve fits 
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appear to agree well with the experimental data. As the current is increased the RIN peak 
becomes smaller and shifts to higher frequencies as expected. This is reflected in the extracted 
parameters seen in Fig. 4.29, which shows a roughly linear increase of the square of the 
relaxation frequency with increasing current. A D value of 0.14 GHz2/mA is found from the 
slope of this curve, but the estimated error in D is 21%. For the damping factor, it is difficult to 
distinguish a linear trend and the error in the estimated K factor (0.27 ns, corresponding to a 
photon lifetime of 6.8 ps) is even larger at 63%. The cause of these large errors is currently 
unknown, and it makes the estimates of D and K much less meaningful. 
 A very similar result is seen from the RIN data of the silver-coated device CYA7 shown 
in Fig. 4.30. A RIN peak is seen that appears to agree well with the theoretical curve fit. The 
peak is seen to decrease in magnitude and shift to higher frequencies as the current is increased. 
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Figure 4.28: Measured RIN spectrums (solid) and the curve fits to the theoretical expression (dashed) for 
device NLQD1A2. 
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Figure 4.29: Relaxation frequencies (a) and damping factors (b) extracted from the RIN for device 
NLQD1A2. 
 
However, the extracted parameters (shown in Fig. 4.31) exhibit significant deviations from the 
expected linear trends, particularly for the damping factor. This again makes the estimation the D 
and K factors very inaccurate. The extracted K factor for the silver coated device is found to be 
0.95 ns. This corresponds to a photon lifetime of 24 ps, over four times that in the uncoated 
device. However, the K factors obtained from both devices are the same within the stated 
measurement error. This makes it impossible to draw any meaningful conclusions about the 
different high-speed performance of the uncoated and silver-coated lasers from this data.  
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Figure 4.30: Measured RIN spectrums (solid) and the curve fits to the theoretical expression (dashed) for 
device CYA7. 
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Figure 4.31: Relaxation frequencies (a) and damping factors (b) extracted from the RIN for device CYA7. 
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CHAPTER 5 
CONCLUSIONS 
 
 In this thesis, we have examined the basic theory of the semiconductor laser modulation 
response and experimental techniques to characterize the high-speed performance. Specifically, 
experimental methods for determining the relaxation frequency and damping factor using 
electrical modulation and relative intensity noise (RIN) spectrum measurement were presented, 
along with data from both methods for a 1.55 µm-wavelength DFB test laser. Reasonable 
agreement was obtained between the results of the two methods, allowing us to verify the 
accuracy of the result. Comparisons were made of the advantages and disadvantages of using 
both electrical modulation and RIN to characterize the high-speed performance of a laser. 
Measurements performed on both silver-coated and uncoated quantum-dot samples were 
also presented. Room temperature, cw lasing was demonstrated in several silver-coated devices. 
The modal gain and group index were also determined from observation of the below threshold 
ASE spectrum. A larger group index was found for both the 1.4 µm and 10 µm wide 
silver-coated devices compared to the uncoated device, possibly indicating a plasmonic effect 
caused by the silver coating. The measured group indices for all of the devices examined is given 
in Table 5.1. 
Table 5.1: Summary of quantum-dot devices and their measured properties 
Device 
Number 
Silver-Coated/ 
Uncoated 
Laser/
LED 
Waveguide
Width 
Cavity 
Length
Group 
Index 
Modal 
Properties 
 
 
NLQD1A2 Uncoated Laser 1.4 µm 1491 µm 3.54 Single-Mode
CYA7 Silver-Coated Laser 1.4 µm 1000 µm 3.88 Single-Mode
CYA9 Silver-Coated Laser 1.4 µm 1000 µm 3.89 Multimode 
CYD7 Silver-Coated LED 10 µm 518 µm 4.51 Single-Mode
CYD9 Silver-Coated LED 10 µm 518 µm 4.38 Multimode 
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 The modal properties of the devices were investigated, and it was determined that the 
multiple sets of FP peaks observed in the ASE spectrum of two silver-coated devices (CYA9 and 
CYD9) were most likely due to the presence of multiple transverse modes. In a silver-coated 
laser (CYA9), the wavelength of the relative gain peak of each mode was identified below 
threshold and used to explain the multiple groups of lasing modes observed optical spectrum as 
different simultaneously lasing transverse modes. The RIN spectrum was also measured for both 
coated and uncoated devices, and a RIN peak that appears to fit well with the theoretical 
expression was observed in each case. However, due to the large errors in the extraction of the 
relaxation frequency and damping factor from the RIN data, no significant conclusions could be 
drawn on the effect of the silver on the high-speed performance of the device. 
In this thesis, the compared coated and uncoated devices had similar, but not identical 
structures. Specifically, the active layer is within the etched ridge of the silver-coated device and 
below the ridge in the uncoated device (Figs. 4.1 and 4.2). In future studies of such devices, more 
similar structures where the silver waveguide coating is the only significant difference between 
uncoated and coated samples would allow for a better comparison of the group index and modal 
properties. To better understand the effect of the silver on the high-speed characteristics of the 
quantum-dot lasers, future work may also focus on silver-coated and uncoated devices designed 
with low capacitance contacts and mounted for high speed. This would allow for the electrical 
modulation responses of both to be better determined and compared.  
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